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論 文 内 容 の 要 旨 
 
Chapter 1: Introduction 
Nuclear medicine is a medical field to examine and diagnose a patient through 
radiopharmaceuticals and imaging techniques such as positron emission tomography (PET) and 
single photon emission computed tomography (SPECT). The nuclear medicine utilizes 
radioisotope labeled biomolecules, and detection of gamma rays produced by radioactive decay, in 
order to generate 3D functional images of the body. By altering the radiopharmaceuticals, the 
nuclear medicine enables to diagnose several diseases such as cancer, heart failure, brain stroke, 
and dementia. The radioisotopes have long been indispensable in nuclear medicine technology, 
although ionizing radiation has sufficient energy to affect the atoms in living cells and poses a 
health risk of the patient. There are two effects from the radiation exposure short-term effect and 
long-term effect. Generally, there will be no short-term effects from the radiation exposure of 
properly performed radiological examinations. Therefore, it is important to assess the potential 
for long-term effects for whole body of a patient that might occur in the future. So far, no 
personalized internal radiation dose has been routinely evaluated in diagnostic nuclear medicine 
due to the limitations of the conventional methods, time consuming, patient uncomfortable, and 
personalized human model and its organs shape are not available. This chapter provides an 
overview of the radiation effects, the basics of PET imaging procedure, the existing methodologies 
for estimating internal radiation dosimetry. The motivation and structure of the thesis are also 
explained in this chapter. 
 
Chapter 2: D-shuttle dosimeter technique: A proposed technique for personalized internal 
radiation dose estimation in nuclear medicine 
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An internal radiation dosimetric study is necessary to ensure the safe use of PET technology and 
to protect the patient when exposed to ionizing radiation. In this regard, Medical Internal 
Radiation Dose (MIRD), International Commission on Radiological Protection (ICRP), 
International Atomic Energy Agency (IAEA) and European Association of Nuclear Medicine 
(EANM) all have devised several policy statements such as guidelines, methodologies, models, 
safety reports, improved dose regimes, dedicated low dose whole body PET protocols etc. Yet, 
internal radiation doses delivered to the patients from PET imaging examinations are still a 
matter of concern. Conventionally, the radiation dose is not personalized that means no 
consideration of personal information such as age, height, and weight. Therefore, we proposed the 
D-shuttle dosimeter technique as a convenient approach for estimating personalized radiation 
dosimetry in nuclear medicine by means of multiple D-shuttle dosimeters attached on the body 
surface of a patient. Radioactivity in a source organ can be estimated iteratively using 
measurements from multiple D-shuttle dosimeters with a maximum-likelihood 
expectation-maximization (MLEM) algorithm with dose response from a source to a D-shuttle 
dosimeter computed by Monte Carlo simulation. 
 
Chapter 3: A validation study of D-shuttle dosimeter technique using NEMA body Phantom 
This chapter demonstrates the validation study of our proposed technique by estimating the 
radioactivities in the torso cavity and six spheres embedded in National Electrical Manufacturers 
Association (NEMA) body phantom. The MLEM algorithmic response associated with the initial 
guess and the number of iterations are also investigated by estimating the cumulative 
radioactivities in the torso cavity and six spheres through D-shuttle dosimeter technique. 
The fillable compartments (torso cavity and six spheres) of the phantom were filled with 18F-FDG 
mixed with pure water using an 800:1 sphere-to-background radioactivity concentration ratio. 
The radioactivity concentrations present in the torso cavity and six spheres were 0.00165 
MBq/mL and 1.32 MBq/mL, respectively. The initial radioactivities of the torso cavity and six 
spheres (treated as source organs) were 15.9 MBq (torso cavity), 34.7 MBq (37 mm sphere), 15.1 
MBq (28 mm sphere), 7.27 MBq (22 mm sphere), 3.26 MBq (17 mm sphere), 1.54 MBq (13 mm 
sphere), and 0.697 MBq (10 mm sphere). Eleven D-shuttle dosimeters were attached to the 
NEMA body phantom surface to obtain information on body surface dose and a mathematical 
NEMA body phantom has been modeled in the Heavy Ion Transport Code System (PHITS) Monte 
Carlo simulation code.  
Radioactivity was estimated in 2 min intervals over a 110-min total dose time using our proposed 
D-shuttle dosimeter technique. A significant correlation (R2 = 0.992) was found between actual 
radioactivity and estimated radioactivity at every 2 min interval for each source organ. The 
estimated initial radioactivity (mean with standard deviation) was 16.5 ±  0.311 MBq (torso 
cavity), 33.0 ± 0.624 MBq (37 mm sphere), 15.7 ± 0.189 MBq (28 mm sphere), 7.11 ± 0.738 MBq 
(22 mm sphere), 4.17 ± 0.083 MBq (17 mm sphere), 1.48 ± 0.469 MBq (13 mm sphere), and 0.865 ± 
0.313 MBq (10 mm sphere), which were very close to the actual initial radioactivity 
measurements for each source organ.  
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The phantom study showed that our technique worked successfully.  
 
Chapter 4: A comparison study using NEMA body Phantom: whole body dynamic PET imaging 
and D-shuttle dosimeter techniques. 
In order to bring the D-shuttle dosimeter technique into clinical usage, it is of great importance to 
compare the performance of this technique with any other existing technique in PET study. This 
chapter describes the comparison of the internal dosimetry estimates (i.e., cumulative 
radioactivity, absorbed dose and effective dose) obtained from whole body dynamic PET imaging 
technique and D-shuttle dosimeter technique.  
After preparing the NEMA body phantom with 18F-FDG solution which was described in chapter 
3, the phantom was then placed over patient’s bed and imaged for one hour. All PET images were 
recorded in digital imaging and communications in medicine (DICOM) format. The PET image 
analysis was performed using a medical image data examiner (AMIDE 1.0.4). Three-dimensional 
volumes of interest (VOI) of each source organ were hand-drawn on the PET transaxial or coronal 
slices of the emission frame to obtain the radioactivity concentration in each source organ. 
Cumulative radioactivities in the torso cavity and six spheres of NEMA body phantom were 
estimated separately through whole body dynamic PET imaging technique and D-shuttle 
dosimeter technique using the estimated radioactivity concentrations obtained from PET images 
and the estimated radioactivities in 2 min intervals obtained from 1 hour measured D-shuttle 
dosimeter dose data, respectively. The absorbed dose estimates to the torso cavity and six spheres 
of NEMA body phantom were calculated in accordance with the MIRD computational 
methodology. Effective dose also calculated according to ICRP-103.     
The internal dosimetry estimates (i.e., cumulative radioactivities, absorbed doses and effective 
dose) obtained from whole body dynamic PET imaging technique and D-shuttle dosimeter 
technique were very close to the actual (true) value. The ratios of absorbed doses obtained from 
D-shuttle and PET measurement against actual were in between 0.9 to 1.3 and 0.7 to 1.0, 
respectively. 
The whole-body dynamic PET imaging and D-shuttle dosimeter techniques overall showed a good 
performance in this phantom study. 
 
Chapter 5: Error evaluation study associated with D-shuttle dosimeter positioning on the NEMA 
body phantom. 
Internal radiation dose assessment by D-shuttle dosimeter technique depends on the model of 
human body and its organs and D-shuttle dosimeter positioning on the human body against 
source organs. To compute R-value at each D-shuttle dosimeter position by Monte Carlo 
simulation, we need to determine the accurate positions of the D-shuttle dosimeters and the 
positions of specified internal organs of the patient. In the clinical PET study, we can measure the 
positions of D-shuttle dosimeters on the patient body surface accurately. But it is not possible to 
measure the positions of internal organs if CT and MRI procedures are not available. Therefore, it 
is required to investigate how much bias would be obtained if the determination of D-shuttle 
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dosimeter positions is slightly inaccurate. This chapter focuses the errors associated with the 
D-shuttle dosimeter positioning on the NEMA body phantom. 
Bias in average cumulative radioactivities and effective doses were estimated by assuming the 
mis-located positions of a partial or all D-shuttle dosimeters instead of the original positions on 
the surface of NEMA body phantom. In the validation study of D-shuttle dosimeter technique 
(chapter 3), we determined the original positions of all eleven D-shuttle dosimeters carefully in 
Cartesian co-ordinates against the source organ. In the current study, we determined the 
mis-located positions of D-shuttle dosimeters by shifting them at Z direction (upper) in a range of 
o to 5 cm from the original positions. The cumulative radioactivity, absorved doses and effective 
dose were then estimated through D-shuttle dosimeter technique for accurate and inaccurate 
positions of D-shuttle dosimeters.  
The maximum bias of the average estimated cumulated radioactivity in each compartment and 
the effective doses were -22.3 % and -82.2 % for the 5 cm shifted positions of all eleven D-shuttle 
dosimeters, respectively.  
The bias associated with the D-shuttle dosimeter positions were significant and probably 
reasonable in this phantom study. 
 
Chapter 6: Construction of Japanese reference phantom in PHITS Monte Carlo simulation 
A personalized phantom is necessary for estimating realistic internal dosimetry in PET study. 
Personalized mathematical phantom can be developed by redesigning the regional reference 
phantom by modifying the equations of the outer body and the internal organs if CT or MRI 
procedures are not available.  
We constructed the Japanese Reference Adult phantom in the Particle and Heavy Ion Transport 
Code System (PHITS) Monte Carlo code. 
 
Chapter 7: Personalized Dosimetry of [15O] water: A clinical application of D-shuttle dosimeter 
technique in PET study 
This chapter focuses the clinical application of D-shuttle dosimeter technique in PET study 
through estimating the personalized internal radiation doses for 15O water.   
Four normal Japanese volunteers have been enrolled in various sessions of 15O-water study; each 
subject was participated in total three sessions. All four subjects were males over the age of 20 to 
24 years, with a weight 52.4 to 64.1 kg and a height of 170.6 to 177.8 cm. Clinical study protocols 
were approved by the Ethics committee for Clinical Radioisotope Research of the Tohoku 
University. When the subject laid on the patient bed, fifteen D-shuttle dosimeters were placed on 
the subject’s body surface to obtain the body surface doses during the PET study. D-shuttle 
dosimeter positioning on the subject body surface were determined in Cartesian coordinates. The 
tracer O-15 labeled water was injected intravenously in the brachial vein of the right arm of the 
subject via an automatic injector. We performed 60 second PET scan acquisition starting at the 
time of each injection. The injected activity range in each session was 66.3 to 114.5 MBq. We 
measured the outer body dimensions of all human subjects before the PET scan started and used 
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to model the personalized mathematical phantom in the PHITS Monte Carlo code. In this study, 
nine organs were selected as source organs, i.e. the brain, lungs, heart, liver, kidneys, pancreas, 
spleen, urinary bladder and reminder the body. The radioactivity at 2 minute’ interval in each 
source organ for each subject was estimated using MLEM algorithm based on body surface doses 
as measured by D-shuttle dosimeters and the R-values at D-shuttle dosimeter positions obtained 
by PHITS simulation. The time activity curve (TAC) for nine source organs for [15O] water was 
drown using the estimated radioactivity at 2 minutes’ interval. The cumulative activities in nine 
source organs and whole body for each subject were estimated through the D-shuttle dosimeter 
technique. Absorbed doses to several target organs were computed according to MIRD 
methodology with Olinda/exam code. Effective dose for each subject was calculated in accordance 
with ICRP-103. 
The estimated cumulative activities, absorbed doses and effective dose gave good agreement with 
the values reported by ICRP-106 and other authors. The effective doses from multiple injections 
of [15O] water for subject 1 to subject-4 were 7.3E-04±2.4E-05, 7.0E-04±2.3E-05, 6.2E-04±5.3E-05 
and 5.0E-04±3.5E-05 mSv/MBq, respectively. The average effective dose of the subjects was 
6.4E-04±9.8E-05 mSv/MBq.    
Personalized internal radiation dosimetry was successfully estimated through the D-shuttle 
dosimeter technique for bolus injection of [15O] water in this PET clinical study. This study is the 
first clinical trial in nuclear medicine to directly draw the time-activity curve (TAC) without using 
dynamic PET imaging data. 
 
Chapter 8: Overall Conclusions and Future Directions 
We introduced a new dosimetric technique named D-shuttle dosimeter technique which is less 
expensive, convenient, less time consuming, and no burden to patient. D-shuttle dosimeter 
technique is capable to estimate the personalized internal radiation dosimetry successfully. This 
method may also be useful for other nuclear imaging modalities, such as single photon emission 
computed tomography (SPECT), planer scintigraphy etc., which need further investigations. We 
also expect by the D-shuttle dosimeter technique, the speed of a new drug production will be 
accelerated because we don’t have to conduct many studies to investigate bio-distribution of 
rodents. 
The future work of this project involves the personalized internal radiation dose estimation in 
PET clinical study for the 11C-raclopride and 18F-FDG. 
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PET 画像から求めた放射能量と比較を行った。第 5 章では、本方法で問題となる D-シャトルの設
置位置がずれていた場合のエラーを評価した。第 6 章では、個々の人体の幾何学的な条件を構築す
る方法を述べている。日本人の標準数学ファントムを参考に、個々の被検者の測定値をもとに数学
ファントムを構築した。第 7 章において、実際の O-15 水を用いた臨床実験において本方法を実施
し、その結果を述べた。本方法でも求めた実効線量は過去で得られたものと大きな違いはなかった。
最終章の第 8 章では、これまでの結果をまとめ、将来的な展望を述べた。 
本方法は PET検査において、簡便に個人の内部被ばくを求めることができるまったく新しい方法を
示し、本方法の有効性を提示した。本方法は簡便でありかつ安価に実施できるため、今後の核医学
診断において普及する可能性を持つ。 
よって、本論文は博士（医工学）の学位論文として合格と認める。 
 
